Polyesteramide copolymers (PBTA) based on polybutylene terephthalate (PBT) and the diamide of butanediamine and dimethyl terephthalate (N, N'-bis(p-carbo-methoxybenzoyl)butanediamine) were studied. The amide content in PBTA was varied from 0-50mo1%. The melting and crystallization behaviour was analysed with differential scanning calorimetry. The degree of undercooling is taken as a measure for the rate of crystallization. The torsion modulus as a function of temperature and the position of the glass transition temperature (Tg) were studied with dynamic mechanical analysis. On injection moulded samples the tensile properties at RT were determined. The crystalline spacings were studied with wide angle X-ray diffraction. In the PBTA only one Tg could be observed which means that the amorphous phase was homogeneous. The crystalline spacings of PBT and Nylon 4,T were not the same and the PBTA has something of both, which means that the ester and amide repeat units are not isomorphous. Despite the absence of isomorphous crystallization the melting temperature increased nearly linearly with the amide content, the crystallinity remained high, and very surprisingly the rate of crystallization even increased. Also in polyethylene terephthalate these diamide segments increased the rate of crystallization. A model is proposed with the diamides as homogeneous nucleation sites (adjacent crystallization) to explain the fast crystallization behaviour of these copolymers.
INTRODUCTION
Structurally regulated polyesteramides can be highly ordered copolymers, with properties intermediate of homopolymers. Polyamides are, in comparison with polyesters, characterized by higher glass transition (Tg) and melting (Tin) temperatures, better mechanical properties and a higher solvent resistance, but also a higher water sensitivity 1'2. This behaviour is mainly due to the intermolecular hydrogen bonding of the amide groups. It is expected that the incorporation of amide linkages in a polyester increases the interchain attraction and the stiffness of the polymer chains 3'4. Cocrystallization of ester and amide units in a polyesteramide generally requires isomorphism. Williams et al. 5 have studied several alternating aliphatic-aromatic polyesteramides (nNTm), whereby n and m stand for the methylene length in respectively the diamine and the diol. The properties of the copolymers were intermediates of those of the two homopolymers showing a single Tg and Tin. Analysis by X-ray diffraction showed the presence of a single crystalline phase with a unit cell characteristic of the polyesteramide system and not of the individual polyamide or polyester units 6. These alternating polyesteramides can thus be regarded as homopolymers.
Alternating polyesteramides
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The melting temperature decreased when the strictly alternating character was lost by ester-amide interchange 7,8" Aharoni 9 found liquid crystalline behaviour for alternating aliphatic-aromatic polyesteramides with an asymmetric chain structure. The presence of mesomorphicity depended on the length of the methylene spacer. Alternating polyesteramides containing short diamines with an even amount of methylene carbons did not show liquid crystalline phase behaviour.
Segmented copolymers with polyesteramide blocks
Preformed uniform diamide sequences have also been applied as a crystallizable block in thermoplastic elastomers (TPEs). The Tm and the Tg can be changed independently by varying the type and length of the crystalline and the amorphous segment. Gaymans and De Haan 1° reported the synthesis of segmented polyether esteramide based on crystallizable diamide segments (1.5 repeating units of polybutylene terephthalamide, T4T) and polytetramethyleneoxide (PTMO). The Tins and Tgs decreased with increasing amorphous block length, whereas the rate of crystallization remained high. The melting point depression of the crystallizable block was ascribed to a 'solvent' effect of the amorphous phase 11 . Another example is a TPE based on T6T-segments (1.5 repeating units of polyhexamethylene terephthalamide) and PTMO-segments which had a melting temperature of 11 I°C 12.
Random polyesteramides with possible isomorphous structures
Random polyesteramides with diols and diamines of different methylene length and/or diacids with different methylene length, are not expected to show cocrystallization] 3,14.
Random polyesteramides with diols and diamines of equal methylene length possess possible isomorphism, and cocrvstallization seems feasible.
EllislS'reported that blends of possible isomorphous poly(c-caprolactone) (6E) and Nylon 6 (6A) were heterogeneous and showed immiscible phase behaviour. Random copolymers 6E/6A had a glass transition composition relation inbetween linear additivity and the Fox relationship. However, thermal analysis of the polyesteramides revealed broad crystallization peaks and poorly defined melting endotherms. Goodman and coworkersl6 ~8 observed that the crystal structures of the homopolymers (6E and 6A) were not isomorphous.
Other copolyesteramides with 'isomorphous' structures have been investigated 19-23. These random polyesteramides had apparently 'isomorphous' structures and a homogeneous amorphous phase {a single glass transition). Yet cocrystallization of the ester and amide units did not seem to occur and the crystallinity remained low.
Poh,esteramides with unf/brm diamide unitA
Williams and Laakso 24 reported the synthesis of polyesteramides from preformed T6T.dimethyl, dimethyl terephthalate (DMT) and 1,6-hexanediol. These copolymers were based on polyhexamethylene terephthalate and polyhexamethylene terephthalamide (PHT/Nylon 6,T). The melting point was determined by polarized light microscopy and was taken as the temperature of complete disappearance of colour. It appeared that the melting temperature of the polyesteramide increased strongly with even low amide contents, The crystalline structure was found to be "quite unlike unmodified terephthalate polyester', which indicates the occurrence of cocrystallization but not isomorphism. The patent did not mention randomization by ester amide interchange reactions and a possible influence of non-uniformity of the length of the amide segment on the melting point.
Goodman and Starmer 25 reported the aggregation of uniform T6T segments in polyesteramides with aliphatic polyester blocks. Below about 25% T6T, the polymers remained amorphous and the polyester segment only crystallized by the application of stress. Gaymans et al. : 6 have reported the synthesis and properties of polyesteramides (PBTA) based on polybutylene terephthalate (PBT) and Nylon 4,T with the diamide of butanediamine and dimethyl terephthalate (N, N'-bis(p-carbo-methoxybenzoyl)butanediamine) (PBTA). The synthesis and thermal degradation ot"
PBTA has also been further studied .... .
The Tg and T m of PBTA increased with increasing amide content and its crystalline order and crystallization rate remained remarkably high compared to the homopolymer polybutylene terephthalate (PBT). We studied the crystallization behaviour and some mechanical properties of PBTA, a PBT with 1,4-diaminobutane diamide units. Special attention is given to the influence of the purity (uniform length) of the 1,4-diaminobutane diamide units in the PBTA on the crystallization behaviour.
EXPERIMENTAL

Materials
PBTA samples were prepared from preformed diamide of butanediamine and dimethyl terephthalate (N, NLbis-(p-carbo-methoxybenzoyl)butanediamine,T4T.dimethyl), DMT and 1,4-butanedio127. Before both processing and testing, the materials were dried at 100°C in vacuo overnight• PETA samples were prepared with ethylene glycol instead of butanediol. Polybutylene terephthalate (PBT) and polyethylene terephthalate (PET) were synthesized in the same way.
ProcesshTg
Torsion test bars were prepared on a Lauffer OPS 40 press at T m + 20°C. During 3 1-3 min a pressure of 0 3 10 bar respectivelylwas applied. The mould was cooled at about 10 Cmin-and the specimen was released. Tensile bars were injection moulded using an Arburg Allrounder 221-55-250. The temperature setting started at T m + 2OC, e.g. for PBTA10 (10mol% amide) it was 250 260-270-27ff'C, with the mould at 90°C. The cycle consisted of 2 s injection at medium speed and 50 bar, 10 s hold at 35 bar and 20 s cooling time.
J "iscomelrl'
The inherent viscosity l]inh was determined at a 0.5gdl i solution in phenol/1,1,2,2-tetrachloroethane (36/64 wt%) using a capillary Ubbelohde l b placed in a water bath at 25.0 ± 0.05°C.
Diffi'rential scanning calorhnet O,
For differential scanning calorimetry (d.s.c.} a Perkin Elmer DSC7 equipped with a PE-7700 computer and TAS-7 software was used, at a heating and cooling rate of 20"Cmin 1 unless otherwise indicated. The peak lnaximum was taken as transition temperature and the area under the curve as enthalpy AH. About 4 8 mg of dry sample was heated to 20°C above its melting temperature (Tml), after l min isothermal cooled (To) and heated again (Tin2). Tin was used as calibration standard.
Dvnamic mechanical analysis
For dynamic mechanical analysis (d.m.a.) a Myrenne ATM3 torsion pendulum was used at a frequency of 
Tensile test
An Instron tensile apparatus was used at a strain rate of 5mmmin -l. Test bars with 3 x 6mm 2 cross section (ISO R527) were recorded at room temperature (r.t.). The modulus at 1% strain (El%) and the maximum stress (amax) were determined from the stress-strain curve.
X-ray diffraction
Diffraction patterns at room temperature were obtained with a Philips powder wide angle X-ray diffractometer (WAXD), using nickel-filtered CuK~-radiation of 1.5418 A wavelength. Melt-pressed samples of 1 mm thickness were mounted in a sample holder perpendicular to the primary X-ray beam. A flat film Guinier-Simon camera with a sample-film distance of 90 mm was used to record the reflections at 28 from 5 to 40 ° . The optical density data were collected from the photographed patterns using a linear scanning micro densitometer LS20.
RESULTS AND DISCUSSION
Glass transition
The glass transition indicates the temperature (range) at which chain segments start coordinated molecular motions 29. PBTA contains two types of units but appears to have one single Tg 27. This suggests the presence of a homogeneous amorphous phase at least at microscale. The dependence of the Tg on the amide content in PBTA is approximately linear, from 47°C (for PBT) up to 160°C (for Nylon 4,T26).
Melting temperature
The melting temperature of a copolymer is usually depressed compared to that of the homopolymers due to a lower crystalline order. This is explained in terms of non-isomorphism and randomization of the respective monomer units. Surprisingly, the melting temperature of PBT modified with uniform diamide units increases with increasing amide content ( Figure Figure 1 that the melting transitions of the first and second heating scan hardly differed.
The increase in the melting temperature of these polyesteramides is non-linear, which indicates that random cocrystallization of ester and amide segments did not occur. Goodman and Vachon 17 supposed that in case of random cocrystallization, the replacement of esters by amides (thus an increasing amide content) would lead to a formation of a hydrogen bonding system and hence to a gradual increase in T m.
PBTA can probably not be regarded as homogeneously crystallizing, because as we have seen above, the structural isomorphism in polyesteramides does not seem to exist. If the crystallization is not random, it must be structured. Probably the diamide units in PBTA are ordered preferentially with other diamide units (on a nano-scale). This nano-ordering of the diamides in the melt will not restrict the crystallization of the ester units as long as their mobility is not changed. We now think that during cooling ester segments crystallize adjacent to the ordered diamide units. This ester-amide ordering can result in the observed increase of the melting temperature of PBTA with amide content (Figure 1 ).
The importance of a high degree of uniformity of the length of the amide segments to attain high melting temperatures has already been shown 28. In Figure I it can be observed for PBTA10 and PBTA20 that the use of purified (more uniform in length), T4T.dimethyl results in an increase of Tm. The presence of some longer amide segments may have caused a mismatch in the packing of diamides and with that of the whole crystalline phase. De Chirico 3° reported for alternating polyesteramide 6NT6 that the formation of amide blocks by ester-amide interchange lead to a decrease of the equilibrium melting temperature from 265 to 253°C.
Further, a broadening of the melting peaks with increasing amide content is observed in the d.s.c.-scans of the polyesteramides (Figure 2) . The presence of a shoulder melting peak is not unusual for PBT and Nylon 6,631-33. This was attributed to a crystal rearrangement into a more stable lamellar organization. The broadness of the PBTA melting peak suggests the presence of a wide variety of lamellar sizes.
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Rate o/ crystallization
The rate of crystallization is an important parameter for the melt processing of polymers. In the case of high crystallization rates, short cycle times can be used for injection moulding to attain semi-crystalline, dimensionstable products. The crystallization temperature depends on the cooling rate. increased from 20 to 80Cmin 1. At each cooling rate the A T of PBTA02 and PBTA20 is smaller than that of PBT. The PBTA02 with only 2mo1% of uniform diamides shows an unexpectedly large increase in the crystallization rate as compared to PBT. For comparison PET has been modified with 2 mol% T4T.dimethyl ('PETA02'). This PETA02 was synthesized analogously to PBTA02. It is known that PET crystallizes extremely slow compared to its homologue PBT. The AT of PET is generally a factor of 2 larger than that of PBT (Table 1 and Figures 4a and 4b) .
However, the presence of 2mo1% diamide units (PETA02) appeared to decrease the AT of PET. The crystallization peak of modified PET (PETA02) was less broad and located at a higher temperature than that of PET,
The increase in crystallization rate for PETA02 compared to PET might partially be caused by a lower l]inh ( Figure 4a ) and in PET copolymers (PETA in Figure 4b ). In the case of PBTA, the diamide units probably cocrystallize with the ester units. This results in increased melting temperatures with almost no change in the heat of melting. However, the [able I Melting and crystallization temperatures of PBT and PET copolymers with T4T.dimethyl amide and ester repeat units in PETA are certainly nonisomorphous. A significant effect on the Tm of PETA02 compared to PET could not yet be observed (Table 1) . The increase in the crystallization rate of PETA02 suggests that the uniform diamide segments (T4T) associate in the melt thereby acting as homogeneous -37 crystallization nucleus. Yamada et al. studied the effect of uniform segments of p-phenylene terephthalamide (TffT) on the crystallization of PET. However, these stiff diamide segments appeared to phase separate in the melt, and hampered the crystallization of PET.
Dynamic mechanical analysis
The viscoelastic properties of polyesteramides have been determined by a torsion pendulum test. The resistance against an applied torque was expressed as the storage modulus G'. The ratio of dissipated to potential energy was defined as the loss modulus G" and a maximum of a G"-temperature curve was defined as a glass transition (Tg). Figure 5 shows the influence of the ester-amide composition in PBTA on G' and G".
The Tg of the PBTA copolymer is a single transition and shifts to higher temperatures with increasing amide content. This indicates that the amide and ester units form a homogeneous amorphous phase. The dissipation band in the G" range is rather sharp for PBT and broadens with increasing amide content in PBTA. The modulus of PBTA below the Tg is high and almost independent from the amide content. The modulus of PBTA above the Tg remains high due to the presence of the crystalline phase. This physical network is largely maintained up to the melting temperature of the polymer. The PBTA copolymers show high moduli at higher temperatures than PBT. The level of the modulus above the Tg is a function of the crosslink density and is for semi-crystalline polymers mainly controlled by the crystallinity and the size of the crystallites 36. In practice, the modulus at high temperature is often compared to the modulus at room temperature (20°C). In Figure 6 it is shown that the modulus ratio G'(140°C)/G'(20°C) for PBTA increases with amide content. This implies that the G' modulus of polyesteramides shows a smaller decay with increasing temperature than observed for PBT.
Another way of looking at the data is to take the T~ as the ruling parameter. Therefore we have also calculated a POLYMER Volume 38 Number 3 1997 661 ratio of moduli at 50 C above and below the l~, G'(Tg + 50C)/G'(Tg -50~'C), for PBT and PBTA10~ 50 ( Figure 6 ). The effect of the amide content on the latter modulus ratio of PBTA appeared to be less pronounced. Nevertheless, the relative decrease of the G' modulus, corrected for the ~, still shows an increase with amide content in PBTA. This effect is difficult to ascribe to a higher crystallinity, as the heat of melting of the PBTA samples with amide content of 20 50mo1% was not increased compared to PBT ~6. Apparently, the presence of amide changes the crystallite structure in such a wa? that it improves the network function of the crystallites.
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Tensile test
Stress-strain curves of polyesteramides were obtained by tensile tests at about 12.5% per min. In Figure 7a an increase of the modulus of polyesteramides with amide content is shown, At the temperature of testing (about 25-:C) the stiffness of PBTA will be determined by the flexibility of the amorphous phase. Apparently, the PBTA copolymers have at 25~C a stiffer amorphous phase than PBT. The presence of amide segments in PBTA increases the interchain interaction compared to PBT. On the other hand, the lower modulus of PBT may also partly be ascribed to the fact that 25C is near the glass transition of PBT (the T~ is 47~C. measured by d.m.a, at I~C min ~ and 1 Hz).
The tensile strength, shown in Figure 7b , also increases with amide content in PBTA. Evidently, the stress to break also depends on the degree of interchain interaction in PBTA. In general polyamides have a higher tensile strength than polyesters. In the case of the PBTA20 sample, fracture occurred before the yield stress was reached. This might have been due to the low molecular weight of the sample. The stiffness of polymers is, in general, little dependent on molecular weight.
Co'stallhw structure
In the X-ray diffraction pattern the sharp rings are from the crystalline phase and broad peak from the amorphous phase. The amorphous halo is for Nylon 6 at 26) = 21 ~. PET has two peaks at 26) = 17.5 and 25 -~.
A series of polyesteramides has been studied by X-ray with increasing amide content, from PBT up to PBTA50 t4NT4) and Nylon 4,T. The influence of the uniformity of the amides on the crystal structure was investigated with PBTA20 (Table 2 ). This sample was degraded at 270'C in vacuo during 10h and contained an amide block fraction (XAA/XA) of 33%. In Table 2 . the main wide angle X-ray reflections of the polyesteramides 39 are compared to those from PBT, Nylon 4,T 4°, Nylon 4,641,42 and Nylon 6,643. The calculations were limited to the interplanar spacings: dl00 (in stacking direction or distance between parallel packed layers of terephthaloyl residues), d0u) (the inter-planar distance in the direction of amide or ester bonding) and d001 (the period of identity along the chain axis).
The crystalline structure of PBT has been studied intensively and two triclinic crystalline configurations were found (an ct form and a :~ form, Figure 8 ) 44-46. The transition between the two forms takes place reversibly by mechanical deformation: from the (t form to the form by elongation to about 12% or more and inversely by relaxation. The difference in fibre periods of the two crystalline forms is mainly ascribed to a conformational change of the four-methylene sequence in both forms (Figure 8 ). The ,3 form has a larger period of identity and shows a larger density than the stable a [orm (Table 2 ).
The X-ray diffraction pattern of Nylon 4,T revealed a limited number of diffraction peaks 47,48. The crystalline structure is triclinic with an angle between the amide groups and benzene ring near to +30 °. The Nylon 4,T chains are closer packed than in PBT due to the presence of hydrogen bonding and an all trans structure of the methylene sequence (Figure 8 ). This results in a much smaller din0 and a larger period of identity along the fibre axis: 13.2A for Nylon 4,T and I1.59A for PBT. A closer approach of the polymer chains, such as in Nylon 4,6 and Nylon 6,6 (Table 2) is hindered by the bulkiness of the terephthaloyl residue. Normally, the distance between the nitrogen and the oxygen in a hydrogen bond is in the range of 2.84 to 3.01 A for Nylon n,T 48. This is larger than the N O distance in aliphatic polyamides, e.g. about 2.8 A in Nylon 6.
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Amide modified polybutylene terephthalate: A. C. M. van Bennekom and R. J. Gaymans In Table 2 and Figure 9 , it appears that PBTA10 and PBTA20 have about the same main d spacings as PBT. Thus, PBTA10 and PBTA20 may be crystallized in the a form of PBT. However, with increasing amide content, the PBT-reflections at 16.1 ° (d010 and at 20.7* (dill) shifted to the main peaks or became less pronounced. These reflections are related to the d001 spacing and indicate a change of the period of identity. The d001 itself increased with amide content, which points to a straightening of the chains. At higher amide content (PBTA30-50), the d010 decreased and the dl00 increased compared to appeared to have the same crystal structure as Nylon 4,T. A crystallization of esters in the all trans structure of the polyamide may only be attained by stretching of the ester methylene sequence into the/3-conformation of PBT. For PBTA50 the d010 spacing in the direction of the amide bonds was about equal to that of Nylon 4,T. Cesari et al. 49 also reported a planar zig-zag conformation for the alternating polyesteramide 6NT6. However, 6NT6 has a higher N-O distance (3.12 A,) than usually reported for Nylon n,T (2.84-3.01 A).
The sample with a high degree of non-uniformity (PBTA20#) has a larger unit cell size both for the dl00 and d010, which clearly indicates a poorer packing.
Crystallization process of PBTA20
Cocrystallization of the ester and amide monomer units in PBTA requires structural isomorphism of the PBT and Nylon 4,T repeating units. Allegra and Bassi 5° reported that isomorphism in a macromolecular system can be achieved when the respective units: (1) have about the same chain conformation and occupy the same volume; (2) are miscible in the amorphous phase.
The second requirement is met, since PBTA has a single glass transition and, therefore, a homogeneous amorphous phase. The melt of PBTA remained clear during polymerization which is another indication for the miscibility of the amorphous phase. However, the first requirement is not satisfied as the (triclinic) crystal structure of PBT and Nylon 4,T do not have the same unit cell dimensions (Table 2) . Apparently PBT and Nylon 4,T are not isomorphous. The mismatch in conformation of the ester and amide units can hinder neighbouring ester-amide crystallization.
Therefore, we propose a structurally regulated crystallization process for the polyesteramides. In the case of PBTA20 the polymer chain contains T4T segments of more or less uniform length, separated by PBT-segments with an average of four repeating units. The lamellar crystallization of PBT is with an average thickness of four repeating units 51 . Van Hutten et al) 1 reported the occurrence of fast crystallization in segmented poly(ether esteramides) based on PTMO segments and crystallizable T4T segments. The very low undercooling (Tin -Tc) suggested order in the melt. Analogously, it can be assumed that the T4T segments in PBTA are also associated ('nano-ordered') in the melt.
We expect that PBTA20 crystallizes from a homogeneous melt, by ordering first the uniform diamide units; the ester units try to follow by adjacent ordering. The faster crystallizing T4T segments form the nuclei for the crystallization of the ester segments. In Figure 10 this so-called amide-adjacent crystallization is schematized for PBTA20. This mechanism explains too why in PETA the T4T segments increase the crystallization rate (Figure 4b In case of a non-uniform length of an amide segment, the plane of hydrogen bonding in a lamella will be disturbed (Figure 10) . In that region some dislocation of the hydrogen bond network is expected. X-ray diffraction of PBT and Nylon 4,T showed that their unit cells have a different size. Cocrystallization of ester and amide units in the indicated region is therefore not favourable. Thus, the presence of amide blocks disturbs the ordering process and probably also the lamellar dimensions in PBTA. With increasing amide block fraction, the melting temperature of PBTA20 decreased 29 .
CONCLUSIONS
The properties of PBTA with uniform T4T segments have been studied. The 7"8 increased linearly with the amide content which indicated a homogeneous amorphous phase in PBTA. The melting point of the copolymers increased gradually with the amide content, although the crystalline structures of PBT and Nylon 4,T are not isomorphous (WAXD). We have proposed an amide-adjacent crystallization of PBTA in which the amides order first and the esters try to fotlow. The heat of melting in PBTA was not decreased compared to PBT, indicating that crystallization of the ester segments is not hindered significantly 26. The presence of amide segments of non-uniform length (amide blocks) depressed the melting temperature. This could be ascribed to a less perfect stacking of the non uniform segments in the lamellae.
The crystallization rate of PBTA copolymers increased compared to PBT. Surprisingly, the crystallization of PETA copolymers also occurred at a higher rate than PET homopolymer. These results affirm the existence of a nucleating effect of diamide units (T4T) in the polyesteramides.
The mechanical behaviour of PBTA was improved compared to PBT. The torsion modulus above the glass transition and the tensile modulus and strength at ambient temperature increased with increasing amide content. This improvement of mechanical properties was ascribed to the presence of stronger interactions in the crystalline and amorphous phase.
